We use the method of QCD sum rules to study the D-wave charmed and bottom baryons of the SU (3) flavor 6F , and calculate their masses up to the order O(1/mQ) with mQ the heavy quark mass. Our results suggest that the Ξc(3123) can be well interpreted as a D-wave Ξ ′ c (6F ) state, and it probably has a partner state close to it. Our results also suggest that there may exist as many as four D-wave Ωc states in the energy region 3.3 ∼ 3.5 GeV, and we propose to search for them in the further LHCb and BelleII experiments.
I. INTRODUCTION
In the past years important experimental progresses have been made in the field of heavy baryons [1] , and we refer to reviews [2] [3] [4] [5] [6] [7] for their recent progress. Especially, the LHCb experiment observed as many as five excited Ω c states at the same time [8] , which is probably related to the fine structure of the strong interaction. Some of these excited Ω c states can be interpreted as P -wave states [9] , inspiring us to further study the D-wave heavy baryons. Actually, in Ref. [10] we have systematically studied the D-wave heavy baryons of the SU (3) flavor3 F using the method of QCD sum rules [11, 12] in the framework of heavy quark effective theory (HQET) [13] [14] [15] , and in the present study we shall follow the same approach to study the SU (3) flavor 6 F ones, including the D-wave Ω c states.
There have been lots of heavy baryons observed in various experiments [1, [16] [17] [18] . Among them, the Ξ c (3123) observed by the BaBar Collaboration [19] (but not seen in the following Belle experiment [20] ) is a good candidate of the D-wave Ξ ′ c (6 F ) state, and has been investigated using many phenomenological methods/models, including various quark models [21] [22] [23] [24] [25] [26] , the Faddeev method [27] , the Regge trajectory [28] , the relativistic flux tube model [29] , the heavy hadron chiral perturbation theory [30] , and QCD sum rules [31, 32] , etc. More discussions can be found in Refs. [33] [34] [35] [36] [37] , and we again refer to reviews [2] [3] [4] [5] [6] [7] for the recent progress.
We have studied the heavy baryons using the method of QCD sum rules within HQET [9, 10, 38, 40] , and in the present study we shall further study the D-wave charmed baryons of the SU (3) flavor 6 F . We shall take the O(1/m Q ) corrections (m Q is the heavy quark mass) into account during our QCD sum rule analyses, and extract the chromomagnetic splitting within the same baryon multiplet. More discussions on heavy mesons and baryons containing a single heavy quark can be found in Refs. [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] .
This paper is organized as follows. In Sec. II, we briefly introduce how we use the D-wave heavy baryon interpolating fields to perform QCD sum rule analyses, and we refer interested readers to consult the discussion in Refs. [9, 10, 38, 40] for details. Then we perform numerical analyses in Sec. III, and offer a short summary in Sec. IV.
II. QCD SUM RULE ANALYSES
In Ref. [10] we have systematically constructed all the D-wave heavy baryon interpolating fields, but just studied the SU (3) flavor3 F ones using the method of QCD sum rules in the framework of heavy quark effective theory (HQET). In this paper we use the same method to study the rest ones of the SU (3) flavor 6 F , as briefly shown in Fig. 1 . We refer interested readers to consult the discussion in Ref. [10] for details.
Here we briefly explain our notations:
denotes the D-wave heavy baryon field belonging to the baryon multiplet [F, j l , s l , ρ − λ], where j, P , and F denote its total angular momentum, parity and SU (3) flavor representation (3 F or 6 F ); j l and s l are the total an-
gular momentum and spin angular momentum of its light components, respectively; there are three types (ρ − λ): ρρ-type (l ρ = 2 and l λ = 0), λλ-type (l ρ = 0 and l λ = 2) and ρλ-type (l ρ = 1 and l λ = 1), where we use l ρ to denote the orbital angular momentum between the two light quarks, and l λ to denote the orbital angular momentum between the heavy quark and the two-light-quark system. These parameters satisfy L = l λ ⊗ l ρ = 2 (note that we only investigate the D-wave heavy baryons in the present study), j l = L ⊗ s l and j = j l ⊗ s Q = |j l ± 1/2|, with s Q = 1/2 the spin of the heavy quark.
The explicit forms of J α1···α j−1/2 j,P,F,j l ,s l ,ρ−λ have been given in Eqs. (2-19) of Ref. [10] . We use them to perform QCD sum rule analyses by assuming their coupling to the state |j, P, F, j l , s l , ρ − λ to be
Again, we recommend interested readers to consult Refs. [9, 10, [38] [39] [40] [41] [42] for details, but simply list here the equation to evaluate the mass of the heavy baryon belonging to the multiplet [F, j l , s l , ρ − λ]:
Here m Q is the heavy quark mass; Λ F,j l ,s l ,ρ−λ = Λ |j l −1/2|,P,F,j l ,s l ,ρ−λ = Λ j l +1/2,P,F,j l ,s l ,ρ−λ is the sum rule result obtained at the leading order; δm j,P,F,j l ,s l ,ρ−λ is the sum rule result obtained at the O(1/m Q ) order:
where
3/β0 with β 0 = 11 − 2n f /3, and the coefficient d M ≡ d j,j l is defined to be
which is directly related to the baryon mass splitting within the same multiplet.
In Ref. [10] we have systematically studied the Dwave heavy baryons of the SU (3) flavor3 F using the method of QCD sum rules with HQET. In this paper we similarly study the SU (3) flavor 6 F ones, and calculate the analytical formulae for Λ F,j l ,s l ,ρ−λ , K F,j l ,s l ,ρ−λ and Σ F,j l ,s l ,ρ−λ . There are altogether seven heavy baryon multiplets of the SU (3) flavor 6 F as shown in Fig. 1 [8] , some of these D-wave heavy baryons may be observed experimentally at the same time. Theoretically, in the present study we can only use five baryon multiplets to perform sum rule analyses, because in Ref. [10] we failed to construct the currents belonging to the other two multiplets [6 F , 2, 1, ρρ] and [6 F , 2, 1, λλ].
As an example, we use the charmed baryon multiplet [Σ c (6 F ), 1, 1, ρρ] to perform QCD sum rule analyses. It contains two charmed baryons, Σ c (1/2 + ) and Σ c (3/2 + ), and the relevant interpolating field is
We can use this current to perform QCD sum rule analyses, and calculate Λ Σc,1,1,ρρ , K Σc,1,1,ρρ and Σ Σc,1,1,ρρ : 
III. NUMERICAL ANALYSES
We use the following values for various condensates and parameters to perform numerical analyses [1, [58] [59] [60] [61] [62] [63] [64] [65] :
Besides them, we also need the charm quark mass, for which we use the PDG value m c = 1.275 ± 0.025 GeV [1] in the MS scheme.
There are two free parameters in Eqs. (6) (7) (8) : the Borel mass T and the threshold value ω c . We follow Ref. [10] and use three criteria to constrain them:
1. The first criterion requires that the high-order corrections should be less than 10%:
where Π high-order F,j l ,s l ,ρ−λ (ω c , T ) denotes the high-order corrections, for example,
2. The second criterion requires that the pole contribution (PC) should be larger than 10%:
(12) We can use the first and second criteria together to arrive at an interval T min < T < T max for a fixed threshold value ω c .
3. The third criterion requires that the dependence of m j,P,F,j l ,s l ,ρ−λ on the threshold value ω c should be weak.
Still use the baryon multiplet [Σ c (6 F ), 1, 1, ρρ] as an example. Firstly, when we take ω c = 3.2 GeV, the Borel window can be evaluated to be 0.425 GeV < T < 0.487 GeV, and the following numerical results can be obtained:Λ
Their variations are shown in Fig. 2 with respect to the Borel mass T . Inserting them into Eqs. (2-3), we can further obtain Secondly, we change the threshold value ω c and redo the above process. We show the variation of m Σc(1/2 + ) with respect to the threshold value ω c in the left panel of There exist non-vanishing working regions of T as long as ωc ≥ 3.0 GeV, while the results for ωc < 3.0 GeV are also shown, for which cases we choose the Borel mass T when the PC defined in Eq. (12) is around 10%. In the right panel, the short-dashed, solid and long-dashed curves are obtained by setting ωc = 3.0, 3.2 and 3.4 GeV, respectively.
as ω c ≥ 3.0 GeV, and the ω c dependence is weak and acceptable in the region 3.0 GeV< ω c < 3.4 GeV. The results for ω c ≤ 3.0 GeV are also shown, for which cases we choose the Borel mass T when the PC defined in Eq. (12) is around 10%. Finally, we choose our working regions to be 3.0 GeV< ω c < 3.4 GeV and 0.425 GeV < T < 0.487 GeV, and obtain the following numerical results for the baryon multiplet [Σ c (6 F ), 1, 1, ρρ]:
MeV , where the central values correspond to ω c = 3.2 GeV and T = 0.456 GeV, and the uncertainties come from the threshold value ω c , the Borel mass T , the charm quark mass m c , and various quark and gluon condensates. We note that there are large theoretical uncertainties in our mass predictions, but the mass splitting within the same doublet is produced quite well with much less theoretical uncertainty, because it does not depend much on the charm quark mass [9, 10, 38, 40] . 
which value is the same as those used in our previous studies on excited heavy baryons [9, 10, 40] .
After fixing the threshold value ω c ([Ξ ′ c , 1, 1, ρρ]) to be around 3.7 GeV, we can evaluate our working regions to be 3.5 GeV< ω c < 3.9 GeV and 0.395 GeV < T < 0.574 GeV, and obtain the following numerical results for the charmed baryon multiplet [Ξ 
which supports it to be a D-wave Ξ We list the above results in 
IV. SUMMARY
In this paper we used the method of QCD sum rules within HQET to study the D-wave charmed baryons of the SU (3) flavor 6 F , and calculated their masses up to the order O(1/m Q ). We investigated five charmed baryon doublets, [6 F We note that there are large theoretical uncertainties in our mass predictions, but the mass splittings within the same doublet are produced quite well with much less theoretical uncertainty.
Our results suggest that the Ξ c Ωc, 3, 1, λλ] ) ≥ 3.5 GeV (right). Accordingly, we choose ωc to be around 3.1, 3.3, and 3.5 GeV in the left, middle and right panels, respectively. D-wave Ω c states in the energy region 3.3 ∼ 3.5 GeV. They are the D-wave Ω c states of J P = 1/2 + , 3/2 + , 5/2 + , and 7/2 + ; the former two belong to the charmed baryon multiplet [6 F , 1, 1, ρρ], and the latter two belong to [6 F , 3, 1, λλ] . Recalling that the LHCb experiment observed as many as five excited Ω c states [8] at the same time, we propose to search for these D-wave Ω c states in the further LHCb and BelleII experiments in order to study the fine structure of the strong interaction. We note that the doubly charmed baryon Ξ ++ cc was recently discovered by the LHCb Collaboration [67] , which can also be an idea platform to study the fine structure of the strong interaction [68] .
Following the same procedures, we have investigated the D-wave bottom baryons of the SU (3) flavor 6 F . The pole mass of the bottom quark m b = 4.78±0.06 GeV [1] is used, and the obtained results are listed in Table II . We also suggest to search for them in further experiments. To end this paper, we note that not only masses but also decay and production properties are useful to understand the heavy baryons [66] , and J-PARC is planning an experimental project of such studies [69] . In near future, the joint efforts from experimentalists and theorists will be helpful to identify more and more charmed and bottom baryons. 
